Abstract-The increasing demand for data and multimedia services, as well as the ubiquitous nature of the current generation of mobile devices have resulted in continuous network upgrades to support an ever-increasing number of users. Given that wireless communication systems rely on radiofrequency waves, the electromagnetic (EM) emissions from these systems are increasingly becoming a concern, especially in terms of adverse health effects. In order to address these concerns, we propose a novel resource allocation scheme for minimizing the EM emission of users in the uplink of multicell orthogonal frequency division multiplexing (OFDM) systems, while ensuring the quality of service. Our scheme is based on the assumption that long-term channel state information of all the users in the network is available. A new multicell user grouping that uses the received interference powers of the users of different sectors is proposed. Furthermore, we propose two power allocation algorithms to minimize EM emission. The first power allocation algorithm performs multicell iterative optimization to obtain the transmit powers of each user in the system. On the other hand, our second power allocation algorithm uses the average channel gains of the users of different sectors to obtain an approximation of the transmit power of each user without multicell iterative optimization. As a result, this approach has a reduced complexity when compared to our first power allocation algorithm. Simulation results show that our scheme reduces EM emission by up to 70% when compared to a single-cell EM emission aware scheme and by over 3 to 4 orders of magnitude when compared to spectral efficiency maximization schemes.
I. INTRODUCTION
T HERE has been a tremendous evolution in mobile communications over the past few decades driven by data rate improvement at first, and more recently by energy efficiency (EE) which is gradually taking center stage in the research on mobile communications. Evolution is more than ever on the agenda, with the ongoing development of the 5th Generation (5G) of mobile communication systems. 5G will allow more devices to be connected and will rely on 10 or 100 thousands more access points to do so, and as such, the electromagnetic (EM) emissions and the serious concerns attached to them would also increase. Although there are no established cases of short term health effects of exposure to EM emissions from mobile communication systems, the international agency for research on cancer (IARC) has concluded that EM radiation is possibly carcinogenic and categorized it as Group 2B -a group reserved for systems that have limited evidence of carcinogenicity in humans [1] . Additionally, it has been reported in [2] that heavy users of wireless phones, over a period of more than 25 years, are three times more likely to develop a brain tumour. Consequently, the European Environmental Agency (EEA) has recommended precautionary approaches to minimize the effects of exposure to EM emissions such as the use of hands-free, limiting the usage of mobile phones (especially among children) and minimizing the duration of mobile phone calls, among others. Even though there is a strong case for developing technical solutions to minimize EM emissions from mobile communication systems, very few research works on EM emission reduction have been carried out in such systems, as most researchers and equipment manufacturers have focused on operating within the regulatory prescribed limits. However, these limitations are designed for short-term usage and, hence, do not protect well enough from the long-term effects of EM exposure, as it has been argued in [2] . A new opportunity for research on EM emission in wireless communication systems presents itself with the advent of the 5G mobile system. It is envisioned that latency and EM emission, alongside traditional criteria such as spectral efficiency (SE) and EE, will play a key role in the design of the 5G system [3] .
We have performed, in [4] , a comprehensive survey of existing literature, dosimetry, metrics, international projects as well as guidelines and limits on exposure to EM emissions from mobile communication systems. We also reviewed and proposed several potential techniques for reducing EM emission in mobile systems. It has been shown in [5] - [7] that specific absorption rate (SAR) shielding, i.e., the use of ferrite materials or metamaterials between the mobile phone and the user's head, can minimize the EM emission in the uplink. However, these works mainly focus on reducing the SAR without considering the quality of service (QoS) of the network. Given that uplink EM emission is directly related to the amount of energy (power over time) radiated towards a user, it suggests that 3-dimensional resource allocation (power, time and frequency) is well-suited for minimizing EM emission, while maintaining a desired QoS [8] . Thus, in [9] , we proposed a user scheduling algorithm to minimize the EM emission of users in the uplink of TDMA, which reduces the EM emission by up to 45% in comparison with traditional TDMA system. In the single cell scenario, subcarrier and power allocation in the uplink of orthogonal frequency division multiplexing (OFDM) systems have been very well investigated but mainly for SE improvement [10] , [11] and, recently, EE [12] , [13] . In the context of EM emission reduction, in [14] , we proposed a scheduler for the uplink of OFDM systems to minimize EM emissions and maintain QoS, based on the assumption that the channel state information (CSI) of all the users can be predicted over a certain transmission window (i.e., spanning several time slots). Our scheme takes into account the signaling power of all the users in the network and data transmission is confined to happen within the transmission window. The results show that spreading data transmission over a longer window makes the scheme to be very robust against the effect of imperfect channel prediction. For multicell systems, the authors in [15] and [16] have proposed scheduling and resource allocation algorithms for maximizing the SE in the uplink of OFDM systems. In Parallel, the authors in [17] and [18] have shown the benefits of coordination for mitigating interference and improving the EE in the downlink of OFDM systems. Accordingly, we have reported in [4] that (BS) coordination could also be effective to minimize EM emission in multicell systems. Thus, as a preliminary work on this topic, we have proposed in [19] , an iterative scheme to minimize EM emission in the uplink of multicell OFDM systems, based on the assumption that each BS can iteratively optimize the transmissions of its users while maintaining QoS. From an EE perspective, more gain can be achieved by tuning the power at the BS, and this explains why EE-based coordination techniques have mainly been developed for the downlink. On the contrary, for EM emission, the uplink is where most of the reduction can be made, which motivates our work that provides a bespoke solution for the uplink.
In this paper, we propose a novel EM-aware scheduling (i.e., 3-dimensional resource allocation) scheme for the uplink of a coordinated multiuser OFDM wireless communication system. Contrary to [15] , [16] that have been designed for optimal SE and do not take into account the QoS target, our proposed scheduler design takes into account the QoS, signaling power as well as the data transmission power of each user in the network to minimize the EM emission in the uplink of multicell OFDM systems. Our scheme minimizes the emitted energy subject to transmitting a target number of bits (QoS target) over a given transmission window, while taking into account the power constraint in each of the several time slots (TSs). This scheme is based on the assumption that long-term CSI of all the users in the network is available. Given that the original optimization problem is non-convex, we first reformulate it in a standard convex form and solve it by designing a water-filling algorithm.
We propose two power allocation algorithms for our scheme to minimize EM emission. Our first power allocation algorithm performs multicell iterative optimization to update the transmit powers of the users of different sectors, while our second power allocation algorithm uses the average channel gains of the users of different sectors to obtain an approximation of the transmit power without multicell iterative optimization. However, given that this approach only provides an approximation of the users' transmit power, some users may not always meet their target number of bits with this approach. Consequently, it must be refined by using it as a starting point of our first power allocation approach so that the target number of bits constraint is always met. This combined approach yields the same EM emission performance as the first power allocation algorithm on its own, but with a faster convergence rate i.e. lower computational complexity. The main contributions of this paper are listed as follows: 1) Our proposed EM emission minimization scheme takes into account the QoS, signaling power as well as the data transmission power of each user to minimize the sum EM emission of users in the uplink of multicell OFDM systems. 2) We extend our multicell EM emission-aware scheme of [19] by proposing a new subcarrier allocation algorithm that groups the users of different sectors by using the received interference power of each user at the neighboring BSs. We also propose a novel power allocation algorithm to minimize EM emission by using the average channel gains of the users of different sectors to obtain the approximate bit and power allocation of each individual user. This approach simplifies the optimization process as it provides a good starting point for optimizing the system. 3) Simulation results demonstrate that our proposed scheme significantly outperforms the single cell EM emission minimization scheme of [14] (i.e., without intercell interference) by up to 70%, and by over 3 and 4 orders of magnitude when compared to the multicell SE maximization scheme of [16] and the single cell SE maximization scheme of [11] , respectively. Furthermore, the results show that the uplink EM emission in the network is proportional to the number of users and their QoS requirements. The rest of this paper is organized as follows. Section II describes the system model for the uplink of a coordinated OFDM network as well as the relationship between the EM emission and the emitted energy. In Section III, we formulate and solve our EM emission-aware problem. In Section IV, the complexity analysis of our proposed scheme is presented. We analyze the numerical results in Section V and, finally, conclude the paper in Section VI.
II. SYSTEM MODEL
Consider the uplink of a classic planar multiuser OFDM cellular system, as depicted in Fig. 1 , where sectorized single-antenna BSs communicate with K uniformly distributed single antenna users per sector. In this setting, each user is surrounded by three BSs, i.e., its own serving BS and its two closest neighboring BSs. The system utilizes a total bandwidth W divided into N equal subcarriers. We assume that time is split into TSs, each of length l. Additionally, it is assumed that a central scheduler, which has perfect CSI of all the users in the network up to T TSs in advance, coordinates the transmission. This can be achieved by using the uplink pilot signals that each user transmits to its serving BS; then the BSs forward this information to the scheduler which uses it to predict the channel gains of each user in the network for a window of T TSs and, subsequently, perform subcarrier allocation. Note that predicting the CSI of up to T TSs can be regarded as a theoretical assumption, however in practice, this approach is well-suited for quasi-static channels over T TSs. For channels having larger variations over time, schemes like the ones in [20] and [21] can be used for CSI prediction. In this paper, a subcarrier can be allocated to at most one user per sector in a TS but a user can have more than one subcarrier in a TS. Hence, the amount of bits transmitted in a TS by user k in sector m can be expressed as
where w denotes the bandwidth of a subcarrier, p 
where g m k (υ ),n (t) denotes the channel gain of user k on subcarrier n in sector υ to the BS in sector m, while M represents the number of sectors in the system.
From [22] , the total uplink EM exposure of the system can be expressed as
where E m k denotes the contribution of user k in sector m to the EM exposure index, and is given by
In (4) 
where P 0 denotes the received signal power threshold at the BS, D m k represents the path loss of user k in sector m, and
such that δ denotes the number of bits that are transmitted for obtaining channel quality indication (CQI). In this paper, we assume that a bits of CQI are transmitted by each user in a TS, hence δ = aT in (6), where T denotes the number of TSs [23] . Hence, the number of signaling information bits that are transmitted increases with the size of the transmission window. It can be remarked from (4) that if SAR m k /P ref is similar for all the users, then reducing the EM exposure of any user in any sector, E m k , boils down to reducing its transmitted/emitted energy i.e., the product of the transmit power and time.
Consequently, our EM emission reduction scheme aims at reducing the total emitted energy in the system, based on the following optimization problem
In (7)- (8), E(p, α) denotes the total energy emitted by each user k in sector m to transmit B k bits, B k is a per-user target number of transmitted bit (QoS requirement) and P max k represents the maximum transmit power of the user equipment.
Notice that the constraint (8a) on the number of transmitted bits is set across the whole T TSs for all the users while the power constraint (8b) is per TS, as transmissions are performed in a slotted manner in time domain.
III. EM EMISSION REDUCTION SCHEME
In this section, we propose an enhanced EM emission reduction algorithm for solving the problem in (7)- (8) . In our scheme, the scheduler performs subcarrier allocation and power allocation across the whole T TSs to minimize the transmission energy and, hence, EM emission.
It is worth mentioning that the problem in (7)- (8) is nonconvex due to the binary nature of α m k,n (t) such that this problem is NP-hard and, hence, intractable for large systems. A suboptimal, but practical, way of simplifying this problem is to perform subcarrier and power allocations in a sequential manner as, for instance, in [11] or [12] ; at first subcarrier allocation is performed to obtain α 
A. Subcarrier Allocation
Unlike in single cell scheduling where a subcarrier is allocated to at most one user in the system, in the multicell scenario, users in different sectors can share the same subcarrier. This results in intercell interference that degrades system performance. Thus, in multicell systems, the central scheduler must group users of different sectors first and then assign subcarriers to each of these groups, as in our preliminary work of [19] . In this paper, we propose a novel approach for grouping the users of different sectors prior to subcarrier assignment; in our approach K groups consisting of one user from each sector are formed based on the power of the pilots transmitted by each user received in neighboring sectors, given as
where D q k (m ) denotes the path-loss from user k in sector m to neighboring BS q. Our new user grouping is simple and practical given that η m k can easily be measured by each neighboring sector q [24] . From an implementation point-of-view, we first compute η is ranked as K. We then group the users of different sectors that have the same rank together. This approach ensures that the users that generate the least interference to neighboring sectors are grouped together. Let us define the user group index, u j , for j = 1, . . . , K, such that each index represents one of the K groups of M users. We then treat the u j -th group of users as a user, j, and perform subcarrier allocation for each user j to minimize its EM emission by using its average channel gains, which greatly simplifies the subcarrier allocation. Our subcarrier allocation metric is defined as
where
Here, u j (m ) refers to the user belonging to sector m in the user group with index u j . The parameter Γ j,n (t) represents the unit power SIR of user
denotes the average SIR of user j within the transmission window T across the whole subcarriers, which is based on the CSI knowledge of all the users up to T TSs. We assume here that this knowledge is available to compute Γ j,n (t), ∀j, n, t and order the subcarriers into a K × NT matrix with elements Γ j,n (t), ∀j, n, t. Given that the channel gains of some users in a user group might be very good while those of other users might be very poor, averaging the channel gains of the users of each group means that the users with good channel gains will generate less interference to the users with worse channel gains, and vice versa, which would even out the effect of highly contrasting channel gains.
The subcarrier ordering is done in ascending order of the worst Γ j,n (t) on each subcarrier, as performed in [14] . Starting from the first column, the user with the best Γ j,n (t) on that subcarrier is allocated to it and then we move to the next column until S subcarriers are allocated to each user, where S = NT /K and . denotes the floor operator. This approach maximizes both the min n ∈N j {Γ j,n } and the average SIR value in N j , ∀j. Here, N j denotes the set of subcarriers allocated to user j within the transmission window, T . The users of each group u j are made to share the same set of subcarriers allocated to that user group, i.e., user j.
A practical way to obtain the subcarrier allocation metric, Γ j,n (t), is to start from the first user group index i.e., j = 1, and to perform equal power allocation on the subcarriers of each user in that group, i.e. p This process is repeated for j = 2, . . . , K to obtain Γ j,n (t) for the remaining user groups.
The subcarrier allocation phase of our proposed scheme involves choosing the worst channel gain on each subcarrier and sorting of all NT subcarriers in ascending order of their worst Γ j,n . This phase has a complexity of O(NT (log NT + K)). The user-subcarrier pairing is a two dimensional search having a complexity of O(KN T ). Hence, the subcarrier allocation phase has a computational complexity of O(NT (log NT + K)).
B. Power Allocation
In this subsection, we propose two power allocation algorithms to minimize EM emission in the uplink of multicell systems. In our first power allocation algorithm (PA1), each sector minimizes the uplink EM emission by iteratively optimizing the transmit power of its users, while taking into account interference from neighboring sectors. Whereas our second power allocation algorithm (PA2) uses the average channel gains of the users of different sectors to obtain the approximate power allocation for each user.
1) Power allocation algorithm 1 (PA1): For any given subcarrier allocation, i.e., for fixed values of α m k,n (t), the power allocation problem is equivalent to MK independent power allocation problems, one for each user of every sector. However, the optimization problem in (7)- (8) is still not convex, even for a fixed subcarrier allocation because of both the interference term and equality constraint in (8a); the latter being not affine [25] . Given that the transmit power of user k on subcarrier n in sector m at TS t can be expressed from (1) as
where r m k,n (t) = b m k,n (t)/wl denotes the rate of user k on subcarrier n in sector m at TS t. We can re-write (7)- (8) 
subject to
With the equality constraint being converted into an affine function, the problem in (12) with constrains (13a) and (13b) is convex in r m k,n (t). This comes down to a rate allocation problem over all the subcarriers allocated to user k in sector m during the transmission window T . The Lagrangian of the problem can be defined as
where λ m k and μ m k (t) denote the Lagrange multipliers associated with the constraints (13a) and (13b), respectively. Given that the optimization problem in (12)- (13) is convex, the following Karush-Kuhn-Tucker (KKT) conditions [26] are necessary and sufficient conditions for optimality
By solving (19) , we obtain the optimal solution to the problem in (12)- (13) as
where ν is expressed as
and (13), respectively. Knowing r m k,n (t) ∀k, n, m, t, the optimal per-subcarrier transmit powers can then be obtained from (11) .
The bit allocation phase of our PA1 algorithm involves each sector obtaining the Lagrange multipliers by using the secant method and it has a complexity of O(θN T (θ 1 + θ 2 )), where θ 1 and θ 2 denote the number of iterations it takes to obtain λ m k and μ m k (t), respectively, while θ represents the number of iterations it takes for the rate allocation process to converge. However, given that this approach involves multicell iteration to minimize the transmit power, the complexity of PA1 is O(ψM θ(θ 1 + θ 2 )), where ψ denotes the number of iterations it takes for the system to converge. Thus, our proposed scheme with PA1 has a complexity of O(NT (log NT + K + ψM θ(θ 1 + θ 2 ))).
2) Power allocation algorithm 2 (PA2): By using the average channel gains of the users in each user group, u j , the average number of bits transmitted by the j-th user in a TS is given as
wherep j,n (t) denotes the transmit power of the j-th user (average transmit power of the users in u j ). Hence, the average transmit power of user j on subcarrier n at TS t can be expressed from (22) as
wherer j,n (t) =b j,n (t)/wl denotes the rate of user j on subcarrier n at TS t. Hence, the power allocation problem of user j can be formulated as a function ofr j,n (t) such that
The optimization problem is now clearly convex and its Lagrangian can be defined as
where λ j and μ j (t) denote the Lagrange multipliers (slack variables) associated with the constraints (25a) and (25b), respectively. By applying the KKT conditions and solving ∇L(r j , λ j , μ j (t)) = 0, we obtain the optimal solution to the problem in (24)-(25b) as
where The parameterr j,n (t) denotes the optimal rate of the j-th user on subcarrier n at TS t. The same root finding techniques described PA1 can be used to obtain λ j and μ j (t). Knowing the optimal rate of each subcarrier allocated to user j via (27) , the optimal per-subcarrier transmit powers (according to our user grouping) that minimize the EM emission subject to transmitting B j bits can then be obtained from (23) .
Note that the power allocation obtained is an approximation given that the average channel gains of each user group are used. Hence, (8a) might not always hold for the users of each group. To ensure that constraint (8a) is maintained for all the users, the approximate transmit powers obtained via PA2 are used as a starting point in PA1, and multicell iterative optimization is performed to satisfy (8a) and (8b).
Our PA2 algorithm has a complexity of O(θN T (θ 1 +θ 2 )) for obtaining the approximate transmit power since it does not involve any multicell iteration, whereθ,θ 1 andθ 2 denote the number of iterations it takes to obtainr j (t), λ j (t) and μ j (t), respectively. However, in order to ensure compliance with the target number of bits, multicell iterative power update would have to be performed. The complexity of PA2 with multicell iterative power update is O (ΨMθ(θ 1 +θ 2 ) ), where Ψ denotes the number of iterations it takes for the system to converge, whileθ,θ 1 andθ 2 denote the number of iterations it takes to obtain r m k,n (t), λ m k and μ m k (t), respectively. Hence, the overall complexity of our proposed scheme with PA2 and multicell iteration is O(NT (log NT + K + ΨMθ(θ 1 +θ 2 ))). 
C. Scheduler Algorithm
As shown in the flowchart in Fig. 2 , the central scheduler first groups the users of different sectors together and then performs subcarrier allocation for the users of each group across all M sectors. For PA1, each BS initially performs equal power allocation for each user on their respective subcarriers, i.e.
where |N m k (t)| denotes the number of subcarriers allocated to user k in sector m at TS t, and it is used as a starting point for the multicell optimization. In the next iteration, each BS measures the interference received for each of its served users from the initial power allocation and optimizes their transmissions to obtain the power allocation by using the interferences recorded in the previous iteration. This process is repeated until convergence is achieved.
As shown in Fig. 2 , the approximate power allocation for each user group is first obtained. This power allocation is then fed into PA1 if the QoS is not met, i.e., (8a) is not satisfied. Note that the main difference between PA1 and PA2 is the usage of approximate transmit powers instead of equal transmit powers before computing the interference for the first time. This approach significantly reduces the computational complexity of our power allocation procedure, as it is next shown in Fig. 3 .
It is worth noting that constraints (8a) and (8b) might not always hold concurrently for some values of B, N, K and T . In order to ensure that both (8a) and (8b) are met, the transmission duration could be varied depending on the target number of bits. Indeed, we have shown in [14] that EM emission reduces as the transmission duration increases. This is because more subcarriers become available to the users and, as a result, a lower transmission power is needed to transmit the target number of bits. Fig. 3 illustrates the convergence speed of our proposed power allocation algorithm. It can be seen that the value of the per-sector EM emission monotonically decreases after each iteration until convergence is achieved, which is consistent with a convex problem convergence behaviour. In this particular setting, where B m k = 20 kbit, ∀k, m, K = 10 users, ISD = 700 m and T = 10 TSs, our PA1 algorithm requires, on average, 13 iterations to converge while our PA2 algorithm with multicell iterative power update (PA2 combined with PA1) requires only 7 iterations to converge, which represents a computational complexity reduction of about 50% in comparison with PA1.
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we compare the performance of our proposed EM emission reduction scheme against three existing schemes by using Monte Carlo simulation. We assume the SAR k (measured in W/kg) and P ref (measured in W) of all the users in the network to be the same and of unit values, i.e., SAR k /P ref = SAR/P ref = 1, ∀k. We further assume that all the users transmit the same target number of bits, i.e., B m k = B ∀k, m, while the fast fading and path-loss follow the model used in [14] . We compare our scheme against a state of the art uplink multicell (MC) SE maximization scheme of [16] and two single cell (SC) schemes, i.e., our EM emission reduction scheme of [14] and a classic SE maximization scheme [11] , where each sector uses different frequency bands i.e., the number of subcarriers is split amongst the M sectors, to avoid interference. In the following, the results of three different versions of our scheme are presented, where "proposed-PA1" denotes the version of our proposed scheme using PA1 power allocation, while "proposed-PA2 scheme (approx.)" and "proposed-PA2 scheme with PU" represent the versions of our proposed scheme using PA2 with approximation and PA2 with multicell iterative power update, respectively. Both the multicell and single cell SE maximization schemes perform per TS optimization to avoid interference and improve SE of the network. Each user transmits signaling power in each TS as long as their target number of bits has not been met. Transmission for each user ceases as soon as the target number of bits has been met, in order to reduce the emitted energy. The numerical values of the parameters considered in our simulations are summarized in Table I . In Fig. 4 , we compare the per-sector EM emission of our proposed scheme against the SC EM emission reduction scheme of [14] , as well as the SE maximization schemes of [16] and [11] , for K = 10 users, ISD = 700 m and T = 10 TSs. The target number of bits is varied from 10 kbit to 20 kbit, representing a data rate of 1 Mbps to 2 Mbps, respectively. It can be observed that our proposed scheme produces the least EM emission of all the compared schemes, thus supporting the intuition that coordination, is indeed, beneficial towards minimizing EM emission in multicell systems. Furthermore, it can be remarked that the per-sector EM emission of all the schemes increases as the target number of bits increases. This is due to the increased power needed to achieve the higher target number of bits given that the number of subcarriers allocated to each user is fixed in all the EM emission reduction schemes; while in the SE maximization schemes, the users require more TSs to transmit their data and achieve the target. Increasing the number of TSs used for data transmission will result in using more signaling power for both the SE maximization schemes. Additionally, all the users will have to transmit signaling power as long as their target number of bits is not met in both SE maximization schemes. Our proposed scheme with PA2 (approximation) performs within 6% of our proposed scheme with PA1. This gives a good approximation of the transmission requirements for each user without the need for multicell iterative power update (PU). However, when compliance with the target number of bits is ensured, the performance of PA2 matches PA1. Additionally, our proposed scheme achieves up to 67% reduction in per-sector EM emission when compared with the SC EM emission reduction scheme of [14] , and over 3 orders of magnitude, when compared to the two SE maximization schemes. The SC SE maximization scheme of [11] has at least 50% higher EM emission when compared to the MC SE maximization scheme of [16] . This is because the SC schemes have fewer subcarriers in each cell, i.e., N/M subcarriers, as well as the interference avoidance employed by the SE scheme of [16] . Fig. 5 depicts the per-sector EM emission of the same schemes as in Fig. 3 , but versus the number of users in the network for a target of B = 10 kbit, ISD = 700 m and T = 10 TSs. It is evident that the per-sector EM emission increases with the number of users in the network. This is because the number of subcarriers allocated to each user reduces as the number of users in the network increases since the users have to share a pre-defined (limited by the transmission window length) number of available subcarrier in EM emission reduction schemes. It implies that the users would have to transmit with more power to achieve their respective target number of bits. Whereas in both SE maximization schemes, more TSs are utilized to achieve the target number of bits for all the users in the network when the number of users increases. As in Fig. 4 , our PA2 algorithm matches PA1 when the power allocation is fine-tuned to ensure QoS compliance. Furthermore, our proposed EM emission reduction scheme achieves an EM emission reduction of up to 70% when compared to the SC EM emission reduction scheme of [14] and by over 3 orders of magnitude when compared to the SE maximization schemes. Fig. 6 shows the effect of increasing the inter-site distance (ISD) on the per-sector EM emission for K = 10 users, B = 15 kbit and T = 10 TSs. It can be seen that EM emission increases as the ISD increases due to the effect of path-loss; users would have to transmit with higher power in order to mitigate it, which also leads to higher interference. As expected, our proposed scheme with PA2 matches the performance of our proposed scheme with PA1. It is evident that our proposed scheme reduces EM emission by up to 70% when compared to the EM emission reduction scheme of [14] and by over 3 to 4 orders of magnitude when compared to the SE maximization schemes.
In Fig. 7 , we compare the per-sector EM emission of our proposed schemes against the benchmark schemes for the same bit-rates. The bit-rate of our proposed schemes was matched to those of the benchmark schemes by fixing the data transmission window to the same TSs as those used by the benchmark schemes. In the top plot of Fig. 7 , we show a comparison between the proposed schemes versus the SC SE max. scheme of [11] . The bit-rate of this plot varied from 0.549 Mbps to 0.9 Mbps. By matching the bit-rate of our proposed schemes to that of the benchmark scheme of [11] , we show that our proposed schemes outperform the SC SE max. scheme of [11] by up to 3 orders of magnitude at low target number of bits. However, the performance gap begins to reduce as the target number of bits increases. This is because there is an increase in bit-rate as more bits would have to be transmitted within the fixed transmission window, which results in an increase in EM emission. The bottom plot of Fig. 7 shows the EM emission comparison of our proposed schemes versus the MC SE max. scheme of [16] . The bit-rate of this plot varied from 0.495 Mbps to 0.5 Mbps. It can be observed that our proposed schemes outperform the benchmark scheme of [16] by up to 3 orders of magnitude. The fluctuation in the performance of our proposed schemes is due to the change in data-rate of the benchmark MC SE max. scheme of [16] , as the number of TSs needed to transmit each user's data increases. Fig. 7 confirms that our proposed schemes outperform the SE max. schemes of [11] and [16] , even for the same bit-rates.
In Fig. 8 , we show the relative computational complexity of the various schemes in Figs. 4-6 and 7 versus the target number of bits for K = 10 users, ISD = 700 m and T = 10 TSs. The relative complexity is defined as the ratio of the CPU execution time of any scheme to the CPU execution time of the SC SE maximization scheme of [11] , which acts as a reference. It can be observed that the SC schemes have lower computational complexity when compared to the MC schemes. This is is due to the absence of interference, which means that these SC schemes do not require user grouping nor multicell iterative power allocation. Regarding the multicell scheme, our scheme complexity is roughly 1 order of magnitude more complex than the scheme of [16] . However, this is a fair price to pay for reducing the exposure by up to 3 order of magnitude. Furthermore, it can be seen that our proposed scheme with PA1 has about 10% higher complexity when compared to PA2 with multicell iterative power update.
V. CONCLUSION
In this paper, we have proposed a novel scheme for minimizing the EM emission of users in the uplink of multicell OFDM systems. The scheme is based on the assumption that the network can predict the long-term CSI of all the users in the network and then an optimal power allocation is performed to obtain the transmit power for each user. We also propose two power allocation algorithms to minimize EM emission. Our first power allocation algorithm performs multicell iterative power update to minimize EM emission by executing a rate-based water-filling algorithm to obtain the optimal rate and power allocation of all the users across all sectors. Conversely, our second power allocation algorithm is based on grouping the users of different sectors together and using their average channel gains to reduce the complexity of the power allocation. Consequently, the approximate transmit power of each user in the network that minimizes each user's EM emission is obtained. Simulation results show that our proposed scheme reduces EM emission by up to 70% when compared to the EM emission reduction scheme based on [14] and by up to 3 orders of magnitude when compared to the SE maximization schemes. He has led a number of multimillion pound-funded international research projects encompassing the areas of energy efficiency, fundamental performance limits, sensor networks, and self-organizing cellular networks. In addition to significant funding from EPSRC, RCUK, Qatar NRF, EU FP7/H2020, he has received direct industrial funding from leading industries in Communications: Huawei, Sony, IBM, DSTL, British Telecom, He also leads the new physical layer work area for 5G innovation centre at Surrey. He has a global collaborative research network spanning both academia and key industrial players in the field of wireless communications. He has supervised more than 25 successful Ph.D. graduates and published more than 300 peer-reviewed research papers. 
